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ABSTRACT 

The traditional generalized Ohm's law in MHD do not explicitly present the relation of electric 
currents and electric fields in fully ionized plasma, and lead to some unexpected concepts, such 
as "the magnetic frozen-in plasma" , magnetic reconnection etc. In the single fluid model, the 
action between electric current with magnetic field is not considered. In the two-fluid model, 
the derivation is from the two dynamic equations of ions and electrons. However, the electric 
current in traditional generalized Ohm's law depends on the velocities of the plasma, which 
could be decided by the two dynamic equations. The plasma velocity, eventually not free, is 
inappropriately considered as free parameter in the traditional generalized Ohm's law. 

In the present paper, we solve the balance equation can give exact solution of the velocities 
of electrons and ions, and then derived the electric current in fully ionized plasma. In the 
case ignoring boundary condition, there is no electric current in the plane perpendicular to the 
magnetic field when external forces are ignored. The electric field in the plane perpendicular to 
magnetic field do not contribute to the electric currents, so do the induced electric field from 
the motion of the plasma across magnetic field. The lack of induced electric current will keep 
magnetic field in space unaffected. The velocity of the bulk velocity of the plasma perpendicular 
to magnetic field is not free, it is decided by electromagnetic field and the external forces. We 
conclude that the bulk velocity of the fully ionized plasma is not coupled with the magnetic field. 
The motion of the plasma do not change the magnetic field in space, but the plasma will be 
confined by magnetic field. 

Due to the confinement of magnetic field, the plasma kinetic energy will be transformed into 
plasma thermal energy by the Lamor motion and collisions between the same species of particles 
inside plasma. Because the electric field perpendicular to magnetic field do not contribute electric 
current, the variation of magnetic field will transfer energy directly into the plasma thermal energy 
by induced electric field. The heating of plasma could be from the kinetic energy and the variation 
of magnetic field. 

Subject headings: Plasmas, MHD, electric current, Plasma Heating 



Introduction 



Recently Falthammar ( Falthammarll2006l ) com- 
mented on the unjustified use of the motion of 
magnetic field lines in plasma, following Alfven, 
who vigorously warned against the unjustified use 
of con cept "Frozen -in magnetic field" in his late 
years ( Alfvenlll976l ). However, the scientists pay 
little attention to the suggestions. The concept of 
magnetic field line motion was applied extensively 
in space plasma physics and solar physics. Mag- 
netic reconnection becomes hot topic in explaining 



magnetic activities. The problem is the general- 
ized Ohm's law of MHD theory which shows the 
couple between velocity of plasma and the mag- 
netic field. 

MHD(Magnetohydrodynamics) is the physical- 
mathematical framework that concerns the dy- 
namics of magnetic fields in electrically conducting 
fluids, e.g. in plasmas and liquid metals. One of 
the most famous scholars associated with MHD 
was the Swedish physicist Hanncs Alfven, who re- 



ceive the Nobel Prize in Physics in 1970 for funda- 
mental work and discoveries in MHD with fruitful 
applications in different parts of plasma physics. 
The notion of frozen-in magnetic field is the re- 
sult of his work in connectio n with the discovery 
of MHD waves (JArfvenlll942l) . 

The central point of MHD theory is that con- 
ductive fluids can support the magnetic held. The 
presence of magnetic fields leads to forces that in 
turn act on the fluid, typically a plasma, thereby 
potentially altering the geometry and strength of 
the magnetic fields themselves. Based on the 
frame of MHD, a lot of theories come out, in- 
cluding MHD turbulence, MHD waves, magneto- 
convection, MHD reconnection, and MHD dy- 
namo. 

In fact, the MHD theory made little scientific 
progress in space science and astrophysics in the 
past decades. Problems are still in puzzle. The 
key problem of MHD theory comes from the gen- 
eralized Ohm's law, which is believed to give the 
electric current in cosmic plasma. 

2. The traditional Generalized Ohm's Law 
and MHD equations 

In the standard non-relativistic form, the MHD 
equations consist of the basic conservation laws of 
mass, momentum and energy together with the in- 
duction equation for the magnetic field. The equa- 
tions are, written in SI units: 



dp 







(1) 



The equation of motion: 
d(pu) 



Of 



V • (puu) = -vP+JxB + v-cr (2) 



Where p is the mass density and u the fluid bulk 
velocity, p is the gas pressure, B the magnetic field, 
j the current density, and a is the viscous stress 
tensor. The equation for the internal energy, which 
is usually written as an equation for the pressure 
p: 

dp 



— + u- VP + 7PVU 



Q 



(3) 



Where Q comprises the effects of heating and cool- 
ing as well as thermal conduction and 7 is the adi- 
abaticity coefficient. The above equation implies 
the equation of state of the ideal ionized gas: 



It is satisfied for most dilute plasmas. 

The induction equation, or Faraday's law: 

- = -VxE=vx(uxB)| I) v 2 B (5) 
Which is derived by inserting Ohm's law: 



E = — u x B + 7] j 



(6) 



Here, r\ is the electrical resistivity. In total, the 
MHD equation consist of two vector and two scalar 
partial differential equation (or eight scalar equa- 
tion) that are to be solved simultaneously. 

An early theoretical paper by iLighthilll ( 19601 ) 
on magnetized plasma properties in the MHD de- 
scription contains in its physics sections criticisms 
about the applicability of ideal or resistive MHD 
theory for plasmas. Specifically, ignoring the Hall 
term in the generalized Ohm's law concerned, a 
simplification still made almost routinely in mag- 
netic fusion theory. The objections to classical 
MHD theory and their consequences give rise to 
the development of Hall MHD and its application 
to laboratory and cosmic plasma (|Witalislll986D . 

According to the MHD equation, we can find 
that the key point is the de cision of the generalized 
Ohm's law. IWitalisI (|l986l ) stressed that to retain 
the Hall term, using a two-fluid plasma description 
is necessary. Then the generalized Ohm's law for 
fully ionized plasma can be derived. 



For the macroscopic behavior of plasma. ISpitzer 
(|1962l ) gave the detailed discussion. The basic 
equations are the equations of ions and electrons 
together with the Maxwell's equations, the equa- 
tion of continuity, and in the condition of -St =0, 
the generalized Ohm's law is expressed as: 



j' = o-||Ej| + o- ± E' L + o- H n x E^_ 



Where, 



(Til = (T = 



m e v ei 



I 



a± = a 



(T H = a 



1 + K74) 



1 + Lj2/V 



2/„2 



(7) 



(8) 



(9) 



(10) 



p = 2(p/mi)k B T 



(4) 



According to the above generalized Ohm's law, 
the current will depend on the conductivity of 



magnetized plasmas. The magnetic field influence 
on the conductivity of the 'direct' current <t± and 
that of Hall's current cryis determined by the pa- 
rameter uj e /v e i, which is nothing other than the 
turning angle of an electro n on the Larm or circle 
in the intercollisional time ( SomovM2000j) . 

In the case uj e /v ei <C 1, this corresponds to the 
weak magnetic field of dense cool plasmas, so that 
the current is scarcely affected by the field: 

(JTT 

aj_ « (Tii « a, « io e /v ei < 1 (11) 

" a 

Thus in a frame of reference associated with 
the plasma, the usual Ohm's law with isotropic 
conductivity holds. 

In the opposite case, when the electrons spiral 
freely between collisions, ijj e /v e i 3> 1, we will get 
the strong magnetic field and hot rarefied plasma. 
This plasma is termed the magnetized one. It is 
frequently encountered under astrophysical condi- 
tions. In this case, 

<7|| « (u e /lS el )(TH « (Ue/Veifa^ (12) 

Hence in the magnetized plasma, for example 
in the solar corona, u>\\ ^> ujh ^> u±. The impact 
of the magnetic field on the direct current is es- 
pecially strong for the component resulting from 
the electric field E' ± . The current in the E' ± di- 
rection is considerably weaker than it would be in 
the absence of a magnetic field. 

In the cosmic conditions, the generalized Ohm's 
law assumes the form of E g. (5) can be used as 
the a pproximation of Eq.(7) (|Somovll2000l ; IVolkov 
19661 ). This seems to be perfect for the consistence 
of single fluid and two-fluid plasma model. 



induction equation: 

yx (uxB)+r,y 2 B (13) 



SB 

~dt 



However, ISpitzerl (|1962j ) pointed out the roles 
of the generalized Ohm's law and the dynamic 
equations have reversed roles from the usual cus- 
tom, the equation of motion determines the cur- 
rent density, while the generalized Ohm's law de- 
termines the velocity. But in the research, the gen- 
eralized Ohm's law is applied independently from 
the motion equation. 

The generalized Ohm's law with the form of 
Eq.(6) and Eq.(7) was accepted and widely applied 
in space science and astrophysics. According to 
the generalized Ohm's law with the form of Eq.(6) 
and the Farady's law, we can get the magnetic 



where r\ — j^— is the magnetic diffusivity. When 
the magnetic diffusivity 77 is infinite small, the 
plasma is called ideal MHD. Alfven noted that the 
motion of matter may couple to the deformation of 
the magnetic field such that the field lines follow 
the motion of matter, and devoted this "frozen- 
in magnetic field lines" . The " frozen- in magnetic 
field lines" theorem and its corollary " ideal MHD" 
are widely used in space plasma physics. 

One of the most important deviation from ideal 
MHD is magnetic reconnection, which is the merg- 
i ng of mag netic fi e ld lin es, as invented by I Sweet 
(J1958I ) and lParkerl (|1957l ). and later applie d to the 
Earth's magnetosphere bv iDungevi ( 19611 ). How- 
ever, the physics involved in the magnetic field line 
merging remains poorly understood. 

Though the ideal MHD can be used to sim- 
ulate the energy transfe r from magnetic field t o 
plasma kinetic energy ( Paschmann et all Il979f ) . 
the existence of E\\ along auroral magnetic field 
lines, upward directed, as well as downward di- 
recte d, is recognized ([Paschmann fc Treumann 
2003). It requiring a finite parallel conductiv- 
ity along the magnetic field B. This may lead to 
the breakdown of the single fl uid concept of MHD 
(|Yamauchi fc Blomber 3ll997l ). 

The derivation of the generalized Ohm's law 
can be found in many classic books and literatures 
about plasma. The derivations in clude th e discu s- 
sions on single fluid plasma fe.e lParker (I1979I)'). 
the two-fluid (electrons and ions) (|Somovl l2000t 
Spitzerl Il962l ) plasma and the three-fluid (elec- 
trons, ions and neutral particles). 

However, through carefully examination of the 
derivation, we find the electric current in previous 
generalized Ohm's law is not explicitly presented. 
The velocity of the plasma should be decided by 
the electromagnetic field and external forces, it is 
not a free parameter. 

3. The electric current in fully ionized 
plasma 

To get the generalized Ohm's law in plasma, 
we consider the plasma as fluids, which means the 
distribution of the particle velocity is Maxwellian 



distribution. The generalized Ohm's law is under 
the condition that •£ = and the macroscopic 
velocities of the fluid (or e lectron fluid and ion 



fluid) §f = in the plasma (|Spitzerlll962t) 



The generalized Ohm's law for single fluid is 
derived si mply from the reference system trans- 
formation ( Parker! If 9791 ). It is first criticized by 
Lighthilll ( 1960T ) for the lacking of the Hall term. 
The mistake eventually is from the physical con- 
sideration. In the single fluid case, the magnetic 
field in the reference system is not considered for 
the reason that the fluid is still. However, the im- 
pact of the magnetic field is especially strong for 
the components resulting from the electric field 
E' ± perpendicular to the magnetic field in the fluid 
system. The primary effect of the electric field E' ± 
in the presence of the magnetic field is not the 
current in the direction E' ± , but rather the elec- 
tric drift in the direction perpendicular to both 
magnetic field and E' ± . 

A fully treatment of the plasma can be started 
from the kinetic equation for each species of the 
plasma. For the fully ionized plasma, they are the 
kinetic equations for electrons and ions. One then 
integrates these equations over the phase space, 
defines macroscopic quantities, and derives various 
moment equation for each spec i es (IGomobsil 1994; 
Song. Gombosi fc Ridlevll200ll; iPandev fc Wardle 
2008). These moment equations and macroscopic 
quantities describe each species as a fluid without 
invoking the motion of each individual particle. 
These equations can include the interaction among 
different species. They are, for ions, 



in the plasma rii — n e = n, and ignoring possible 
wave-particle collisions. 

To get the Ohm's law, we neglect the effects 
from time derivatives, pressure gradient forces, 
and additional forces, which are referred as "other 
forces" . 

In the de rivation of generalized Ohm's law, 
Somovl (|2000|) considered the time derivatives and 



additional forces as part of the effective electric 
field. When there are magnetic fields, the effect 
of external forces acting on charged fluid is com- 
pletely different to the electric field. The effects 
can be seen from the drifts of charged particles in 
the magnetic field. In plasma, the drift due to the 
electric field causes a macroscopic drift velocity, 
but there is no current. However, the drift due to 
external forces will cause electr ic current in plasma 
- the drift current (|Chenlll974l ). In this paper, we 
will first neglect the effect of other forces. The 
discussion with other forces is in the later part. 

From equations (14) and (15), Ignoring the ex- 
ternal forces, the two fluid force balance equations 
for ions and electrons in steady state in our dis- 
cussion will be: 



en(E + u; x B) = nm e i/ e i(ui — u e ) 



en(E - 



x B) 



Ui 



(16) 



(17) 



n,-m,; 



The two equations are coupled by the electron- 
ion collision terms. We define the electric current 
density as, 

j = en(u ; - u e ) (18) 



Dt 



1 = -V^ + e ^( E + u i xB )+ F i- n eni e I/ ie (Ui-U e ) 

(14) In all the previous derivations, the author s define 

and for electrons the macroscopic velocity of plasma fl ow as(Spitzcr 

ll9fi2HSomovl2000l : LSong. Gombosi fc Ridlevl200lh . 



Du P 



n e m e - 



Dt 



= -\7Pe-en e (E+u e xB)+F ( 



-nim e j/ ei (u e 

(15) 



niiUi + m e u e 



Where the parameters rii,n e ,Pi,P e ,Ui,u e ,Vi e — 
v e i are the density of ions, density of electrons, 
pressure of the ion fluid, pressure of the electron 
fluid, macroscopic velocity of the ion fluid, macro- 
scopic velocity of electron fluid, collision frequency 
of ions and electrons. And vector Fi, and F e de- 
notes other forces, such as gravity, centrifugal 
force, and Coriolis force, exerting on the ion fluid 
and the electron fluid. We assume that the ions are 
singly charged and that charges neutrality holds 



nii + m, 

With the relationship of mi 
flow velocity becomes 



u ; 



nii 



(19) 
3> m e , the plasma 

(20) 



By substituting (18) and (20) into equations (16) 
and (17), then subtracting (16) from (17), one 
then gets the form of Ohm's law the same as equa- 
tion^). 



In fact, the Ohm's law is not completed. Be- 
sides the approximation of the equation (20), we 
can have the additional relation for the current. 
Adding equations (16) and (17) together directly 
will give the result for j x B = 0. Some au- 
thors have discussed the results. Early in 1956, 
Spitzer discussed the dynamics of the full ion- 



ized plasma, and a later version in 1962 (jSpitzer 
1962). In the discussion of the macroscopic be- 
havior of a plasma, Spitzer obtains the simpler 
equations in the conditions that ignoring the terms 
in me/rrii,-^ and ^, considering the changes so 
slow that inertial effects are negligible. With the 
gravity and the pressure gradient kept, Spitzer ob- 
tained the relationship of, 



VP = j x B-pv 



(21) 



Where p is the pressure,/? is the density and <f) 
is the gravity potential. Spitzer suggested that 
the equation (21) be the equation of motion and 
determine the current density (Spitzer 1962). 

However, in the case that we derive the general- 
ized Ohm's law, the pressure gradient and gravity 
potential is always ignored. This will lead to the 
result of, 

j x B = (22) 

In this case, there will be no any current perpen- 
dicular to the magnetic field, a contradicted re- 
sult to the generalized Ohm's law of equation (7). 
If the pressure gradient is considered, the gener- 
alized Ohm's law will be different, which will be 
discussed later in Part 3. 

In principle, we don't need to get the solution 
by above method. The balance equations (16) and 
(17) can completely determine the velocities of ion 
fluid and electron fluid in the slowly varied elec- 
tromagnetic field system. 

Setting the magnetic field in the direction of z, 
so B = B z , we can have the electric field perpen- 
dicular to magnetic field in the direction x, that 
is Ej_ = E x , and E|| = E z . The direction -E x B 
is the direction of y. Then we can have equation 
(16) and (17) written in the form of components 
in the direction of x, y and z. 



eE x 

+ LO e Uiy - V el (u ix - U ex ) = (23) 



U e U ix - V ei (Uiy - U ey ) = (24) 



eE x 

— - - Lo e u ey - v el (u ex - Ui X ) — (25) 



CJ e U e 



Vei\U e 



,)=0 



— (E z ) - v ei (ui 
m e 



(26) 



(27) 



(E z )- u ei {u ez ~u lz ) = {) (28) 

m e 

Where w, = -^-,u P — -^-. The solutions of 
equation (23), (24), (25), (26) are, 

u ex = u ix = (29) 



And 



*ey 



>iy 



E x B 



(30) 



As we have defined, the current in the plane 
perpendicular to the magnetic field is zero, since 
the ions and electrons have exactly the same drift 
velocity . It is consistent with the equation of (22) 
as the other forces ignored (the force- free case). 
Then we have only the current in the direction 
parallel to the magnetic field. Along the magnetic 
field line, it is the normal Ohm's law since there 
is not effect by the magnetic field. So we can con- 
clude that in the fully ionized plasma, when the 
other forces besides the electromagnetic field are 
ignored, the electric current in the plasma will be: 

B(E B) 



crE 



B 2 



To be consistent with the common Ohm's law, we 
notice the relation: 

B(E-B) (ExB)xB 

— B^- E+ B^ 

Then we can have the generalized Ohm's law 



a.s: 



j = <r[E - 



(E x B) x B 
B2 J 



(31) 



and the plasma velocities is determined by the fol- 
lowing relation, 

m e v e + niiVi E x B 



m e + m; 



B 2 



(32) 



In the above method, we can decide the elec- 
tric current and the plasma velocity by the elec- 
tric field and the magnetic field in any reference 
system. 



4. The electric current from external 
forces in fully ionized plasma 

The previous Ohm's law is always confused 
when the external forces included. In this part, 
we will discuss the case when external forces are 
included in the fully ionized plasma. We consider 
the pressure gradient, gravity or friction as the 
external forces fi and f e for the fluid of ion and 
electron respectively, fi = '~ v ' , f e = e ~ v e . 

^ J l nm e ' K nm e 

In the nearly steady case, the balance equations 
for the ion fluid and electron fluid in x, y plane 
will be: 



(E + Ui X B) + fi = Z/ e i(Ui - U e 



(33) 



(E + u e xB)+f e = !/ ei (u e -Ui) (34) 

m e 

In the direction of magnetic field will be: 

— (E z ) + f iz = V e i{uiz - u ez ) (35) 



(E z ) + fez = v a (u ez - u iz ) (36) 

m e 

Here, we assume the magnetic field in the direc- 
tion of z, the electric field perpendicular to mag- 
netic field in the direction x, and — E x B is in the 
direction of y. And equations (32), (33), (34) and 
(35) can be written as: 



eE„ 



+ LJ e Uiy - V el (u lx - U ex ) + fi X = (37) 

' UJ e U ix - V ei (Uiy - U ey ) + fiy = (38) 



eE x 

- OJ e U ey - V ei (u ex - U ix ) + f ex = (39) 

JJl e 

UJ e Uex - Vei{u ey ~ Uiy) + f ey = (40) 
(E z ) - U ei (Ui z - Uez) + fiz = (41) 

trie 

-—(E z )-Uei(Uez-U iz ) + fez = (42) 

Then, from equations (37), (38), (39) and (40) 
we can get the velocities of ions and electrons in 
the plane perpendicular to magnetic field as, 



\Jey ~r Jiyj^ei Jex^e 



Ui 



(43) 



\Jex i JixJ^ei "T Jiy&e (AK\ 

Ui x — ~~ — 9 ~~ ~ \^*-*) 



_ \Jey \ Jiyj^ei Jix^e 

Hy — ~2 



v a (46) 



Where the velocity v s = | E ^ 2 B | . So we can get, 

ley + Jiy 



Uix U ex — 



(47) 



lex T fix /.„> 

U iy - U e y — (48) 



And if we use equation (41) subtract (42) di- 
rectly we can get the velocity difference of elec- 
trons and ions in the direction z: 

e 1 

Uiz-U ez = E z + {.fiz -fez) (49) 

VeiTTli ^^ei 

By multiplying ne, we can get the electric cur- 
rent in the plane perpendicular to the magnetic 
field. 

Jey i Jiy 



J A. = 3x = ne- 



(50) 



J ex T fix / t ,\ 

]H = ] y = -ne (51) 



3\\ = 3z 



u, 



-^-E z + ^(f iz -f ez ) (52) 

fei^Fle ^^ei 



The velocity of the plasma can be decided by 
the definition: 



m e v e + m ; vi 



m P 



mi 



(53) 



The electric current j±_ is in the direction of 
electric field perpendicular to magnetic field, or 
Pedersen current, and jn is the Hall current. The 
solution suggests that the current has no relation- 
ship with the collisions and electric field in the 
plane perpendicular to the magnetic field. The 
electric current depends on the external forces and 
magnetic field only. When the external forces are 
ignored, the electric current in the plane perpen- 
dicular to magnetic field disappear. 



[Jex i ji x )Vei T Jex^e 



*ey 



(44) 



J-L - Jx ~ 


m e uj e 


JH = jy = 


_ Z(^P) X 



If we keep the pressure gradient as the only ex- 
ternal force, then ft = ~ v ' , f e = ~ v e . Suppos- 

' 1 nm e ' e nm e *- *- 

ing P = Pi + P e , we can have the electric currents 
as: 

" V/>) " (54) 

(55) 

lll e UJ e 

The above equations show the current density 
in the whole space, where the plasmas arc fully 
ionized and the gas gradients are considered. 

5. The Energy transport in plasma 

From the discussions in section 3 and section 
4, we can find that the electric field perpendicu- 
lar to the magnetic field cannot cause macroscopic 
electrical current in plasma. This lead to the fail- 
ure of the concept of magnetic frozen-in and so do 
the dynamo and magnetic reconnection, which are 
widely applied in space science and astrophysics. 

One may worry about the fact that the energy 
released and eruption concerning the magnetic 
field, such as the plasma heating and the magnetic 
activities in solar physics and space science. How- 
ever, we can easily understand the physics pro- 
cesses in plasma with out the concept of "magnetic 
frozen-in" . 

Recalling the charged particle drift in electro- 
magnetic field, we notice that the drift velocities 
of the particles represent the motion of the guid- 
ing center. The drift velocity depends only on the 
electric field and magnetic field, and is not related 
to the initial velocities of the particles. Eventu- 
ally, the particle is experiencing the motion of drift 
and Lamor motion. The Lamor velocity depends 
on the initial velocity of the particle. For the col- 
lective effect of the particles, the Lamor motion 
inside the particles will increase the thermal ve- 
locities of the particles through collision, it does 
not affect the macroscopic motion. 

Now we consider the plasma with initial veloc- 
ity enter the region with magnetic field. The exter- 
nal electric field is always screened. The plasma 
will be captured by the magnetic field, the drift 
velocity of the plasma is zero perpendicular to the 
magnetic field. The kinetic energy of the plasma 
perpendicular to magnetic field is transformed to 
the thermal energy of the plasma. With Ae rep- 



resenting the increase of the thermal energy of the 
plasma in unit volume, we can get: 



A l 2 



(56) 



where vj_ is the velocity of plasma perpendicu- 
lar to magnetic field, p is the density of the plasma. 

Because there is no electric current generated 
in the processes, the external magnetic field does 
not change by the motion of plasma. 

When plasma is in varied magnetic field, an in- 
duced electrical field will be in the plasma. From 
Farady's law, y x E = ^, the induced electric 
field will be always perpendicular to the magnetic 
field. In basic electromagnetism, the variation of 
the magnetic field will cause eddy electric field, 
"the eddy current dissipation" will happen in the 
plasma. In metal conductor, the eddy current dis- 
sipation is owing to the small resistivity and strong 
eddy current. 

In fact, the eddy current is not necessary for 
the dissipation. The induced electric field di- 
rectly contribute energy to the thermal energy of 
the conductor or plasma in the varied magnetic 
field. Generally, the charge particles in electric 
field will gain kinetic energy and form electric cur- 
rent. However, the existence of the magnetic field 
will act on the current and turn the current into 
small circles. The average effect of the current will 
be zero. But the kinetic energy of the particles will 
be transformed into the thermal energy due to the 
collision of the particles. The final effect of the in- 
duced electric field for the particles is heating the 
plasma or conductor. 

In plasma, the induced electric field is always 
perpendicular to magnetic field, so the current by 
the induced electric field will be turn around by 
the magnetic field and forms small circles. The 
radius of the current is much small. There will be 
no macroscopic current due to the overlap of the 
circled electric current. 

However, the induced electric field will con- 
tribute energy to the thermal energy of the 
plasma. Since the induced electric field depends 
on the variation of magnetic field, the increase 
of the thermal energy of the plasma will come 
from the variation of the magnetic field. We can 



suppose the increase of the thermal energy as: 

Though the transfer of magnetic field to ther- 
mal energy may depends on the collisions between 
charged particles, there is no macroscopic electric 
current inside the plasma. 

From the above discussions, we can conclude 
that the heating of the plasma in magnetic field 
may comes from the motion of plasma across mag- 
netic field, and the variation of magnetic field. 

Eventually, the processes of plasma heating by 
variation of magnetic field is observed in th e solar 
atmosphere. IZhang. Zhang fc Zhang! (J2007I ) stud- 
ied the relation of CME with magnetic field vari- 
ation. Then found that all of the CME have the 
variation of magnetic field and maybe the source 
of CME eruption. 

6. Conclusions 

In the present paper, we get the electric current 
and the plasma velocity in the fully ionized plasma 
by solving the dynamic equations of charged par- 
ticles. The macroscopic electric current is decided 
by the difference of the averaged velocities of ions 
and electrons. The electric current and plasma 
velocity is completely decided by electromagnetic 
field and external forces. 

When the external forces fa and f e acting on 
ions and electrons respectively, including the pres- 
sure gradient, the friction and gravitation, are con- 
sidered, the electric current in the plane perpen- 
dicular to magnetic field will be the form of equa- 
tion (50) to (52), the electric field perpendicular to 
magnetic field does not contribute to the macro- 
scopic electric current . The macroscopic electric 
current depends only on the external forces. 

The electric current perpendicular to the mag- 
netic field do not depend on the electric field. The 
induced electric field in magnetic field do not con- 
tribute to the electric current, since the induced 
electric field is always perpendicular to the mag- 
netic field. In any reference system with velocity 
v', the induced electric field v' x B is perpendic- 
ular to the magnetic field, and will not contribute 
to the macroscopic electric current, so cannot dis- 
tort the magnetic field in space. The velocity of 
the plasma is not coupled with magnetic field. 



When the external forces are ignored, there is 
no electric current in the plane perpendicular to 
magnetic field. The Pedersen current and Hall 
current are zero. The plasma has a velocity, 



E x B 



(58) 



It is the global drift of the plasma in electromag- 
netic field. In plasma, the electric field is screened, 
the drift velocity is zero. 

When plasma with average velocity v enter 
magnetic field, the plasma will be confined by 
the magnetic field. The kinetic energy of the 
plasma perpendicular to magnetic field will be 
transported into plasma thermal energy. The 
macroscopic velocity perpendicular to magnetic 
field is zero. It is one process for plasma heating. 

When plasma is in varied magnetic field, the 
induced electric field will heating plasma. The 
macroscopic electric current is not presented for 
the existence of magnetic field. The heating pro- 
cess is not from Ohm's dissipation, but directly 
from the action of induced electric field and mag- 
netic field. The increase of the plasma thermal 
energy depends on the variation of magnetic field 
with time. 

In this paper, we don't consider the boundary 
condition of the plasma and the inhomogeneous 
magnetic field. The effect of the boundary and 
inhomogeneous field will have effect on the electric 
current in the plasma. The work will be done in 
future research. 
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